Spelt, a close relative of hexaploid bread wheat and a dominant wheat subspecies cultivated in Europe before the 20 th century, still plays an important role as a high-value niche product today.
Introduction
Recent genomic advancements have allowed to shed light on the population structures and domestication histories of different crop species (Cubry et al., 2018; W. S. Wang et al., 2018; G. A. Wu et al., 2018; J. Wu et al., 2018) . The domestication of wild ancestors of today's crops started around 10,000 years ago and resulted in the gradual adaptation of wild plants to agricultural practices. Plant domestication was not only associated with profound sociocultural changes during the Neolithic Revolution, e.g. the transition from hunter-gatherers to sedentary communities, but also led to distinct morphological alterations in domesticated plants compared to their wild relatives. The 'domestication syndrome' includes loss of natural seed dispersal mechanisms (nonshattering), increase of fruit or seed size, and changes in plant architecture (Meyer, DuVal, & Jensen, 2012) . The adaptation of domesticated plants to agricultural practices and human needs was further accelerated after the description of the laws of genetic inheritance in the 19 th century, which laid the foundation for modern plant breeding of the 20 th century. As a consequence, today's elite crop cultivars greatly outperform their wild ancestors with regards to yield, quality, and adaptation to a wide range of climatic conditions. On the other hand, domestication, early landrace selection, and modern breeding in particular have reduced the genetic diversity in the gene pools of many crops (Tanksley & McCouch, 1997; Wulff & Dhugga, 2018) . The introduction of genetically heterogeneous landraces into modern breeding programs is a valuable approach to counteract erosion of genetic diversity (Dwivedi et al., 2016) . The hundreds of thousands of crop accessions maintained in germplasm collections worldwide thus play an important role in providing solutions to some of the most pressing challenges faced by agriculture, including climate change and population growth (Wambugu, Ndjiondjop, & Henry, 2018) .
Crop domestication occurred independently at different locations. One of the domestication hotspots is the Fertile Crescent, a region in the Near East that spans today's Jordan, Israel, Lebanon, Syria, Iraq, southeast Turkey, and western Iran (Salamini, Ozkan, Brandolini, Schafer-Pregl, & Martin, 2002) . The Fertile Crescent is the center of origin of some of the most important crop plants, including wheat, barley, rye, lentil, chickpea, and pea. Following domestication, these crops were introduced into different parts of the world, most likely along with human migration.
Wheat is one of the most important cereal crops that serves as a staple food for more than two billion people (International Wheat Genome Sequencing Consortium, 2014) . The two most widely cultivated wheat species today are tetraploid durum wheat, also called pasta wheat (Triticum durum), and hexaploid bread wheat (T. aestivum ssp. aestivum). A close relative of bread wheat is hexaploid spelt (T. aestivum ssp. spelta) that is mainly cultivated in Central Europe and northern Spain as a high-value niche product. Spelt, however, was a staple crop in Europe from the Bronze Age until about the beginning of the 20 th century (Muller et al., 2018) . In some regions of Central Europe, particularly in southern Germany and Switzerland, spelt even replaced tetraploid emmer as the principal wheat species in the early Iron Age (around 750 BC) (Nesbitt & Samuel, 1996) .
In 1930, spelt still accounted for about 40% of the Central European wheat production area (Kema, 1992) . Despite being a domesticated wheat, spelt shows some morphological characteristics that resemble non-domesticated grass species, including a brittle rachis and kernels that are tightly surrounded by tenacious glumes. Because of the brittle rachis, spelt spikes disintegrate into individual spikelets more easily than bread wheat spikes (shattering) and the tenacious glumes require vigorous processing to free the grains (Figure 1 ). While these characteristics are beneficial for the dispersal and protection of seeds in wild plants, they are undesirable for mechanical harvesting and processing, which is one of the main reason for the replacement of spelt with freethreshing bread wheat in the 20 th century. The two hexaploid wheat subspecies aestivum and spelta can be freely intercrossed, which breeders continue to exploit to transfer agronomically important genes from spelt into the bread wheat gene pool (Dyck & Sykes, 1994; Sun, Wei, Ni, Xie, & Yang, 2002) .
Hexaploid wheat emerged after two independent hybridization events that involved three diploid wild grass species of the Triticeae tribe. The first hybridization between wild einkorn (T. urartu, AA genome) and a close relative of Aegilops speltoides (BB genome) formed tetraploid wild emmer (T. turgidum ssp. dicoccoides, AABB genomes). Bread wheat arose after a second hybridization of domesticated emmer (T. turgidum ssp. dicoccum, AABB genomes) with the D genome of wild goatgrass (Ae. tauschii). The first hybridization occurred a few hundred thousand years ago, while the second hybridization is thought to have occurred in a field of domesticated emmer around 10,000 years ago (Marcussen et al., 2014) . While both wild and domesticated forms of diploid and tetraploid wheats are described, no wild hexaploid wheat exists. Despite the close relatedness of spelt and bread wheat, the population structure and agricultural history of spelt is still ambiguous and has not been well studied on a whole-genome level. Phylogenetic analyses based on a few microsatellite markers or single gene sequences suggested three spelt clades -an Asiatic, a Central European and an Iberian clade (Bertin, Gregoire, Massart, & de Froidmont, 2004; Blatter, Jacomet, & Schlumbaum, 2004; Dvorak et al., 2012; Elia, Moralejo, Rodriguez-Quijano, & Molina-Cano, 2004) . Two observations made by these studies are of particular interest.
(i) Comparisons of the A and B subgenomes indicated a polyphyletic origin of European spelt and bread wheat, while comparisons of the D subgenome suggested a common, monophyletic origin.
(ii) Asiatic spelt is closer to bread wheat than to European spelt. Based on these findings, it was suggested that bread wheat and spelt have a common origin in the Fertile Crescent. During its migration to Europe, a free-threshing hexaploid wheat might have hybridized with a hulled tetraploid emmer wheat, which gave rise to European spelt (Blatter, Jacomet, & Schlumbaum, 2002; Dvorak et al., 2012; Liu & Tsunewaki, 1991) . This could explain why the A and B subgenomes of European spelt markedly differed from bread wheat, while their D subgenomes are more similar. Tetraploid and hexaploid wheats were often cultivated in the same fields, which would have facilitated spontaneous hybridizations. However, these studies probed the genome with a very low number of non-randomly distributed molecular markers, which did not allow to get a comprehensive, genome-wide insight into the population structure of spelt. With almost 16 billion base pairs (16 Gb) the genome of hexaploid wheat is exceptionally large (International Wheat Genome Sequencing Consortium, 2018). Whole-genome re-sequencing of many wheat accessions for population genomic analyses is thus not yet a feasible strategy and genotyping-bysequencing (GBS) is frequently used to comprehensively genotype large wheat collections (Poland, Brown, Sorrells, & Jannink, 2012; Schreiber, Stein, & Mascher, 2018) . The recent completion of a high-quality wheat reference sequence now allows to anchor GBS markers and to investigate individual subgenomes and specific genomic regions (International Wheat Genome Sequencing Consortium, 2018) .
Here, we report on the genotyping of 267 spelt accessions collected from the entire range of spelt cultivation. This comprehensive analysis of the spelt gene pool allowed us to unravel population structures and agricultural history with genome-wide marker coverage.
Materials and Methods

Plant material
Seeds of 75 T. aestivum ssp. aestivum accessions and 267 T. aestivum ssp. spelta accessions used in this study were obtained from four germplasm collections (the national genebank of Agroscope, Switzerland; the genebank of IPK Gatersleben, Germany; the Centre for Genetic Resources, Wageningen University, the Netherlands; USDA National Plant Germplasm System, USA). The spelt accessions where chosen to cover the entire cultivation range of the subspecies. Twenty seven accessions derive from crosses between bread wheat and spelt in recent breeding programs. The set includes spelt from Central Europe, Southern Europe, Africa, Asia, and America. The T. aestivum ssp. aestivum accessions all originate from Central Europe (Supporting Information Table. S1).
DNA extraction
Single plants were grown and leaf segments of approximately 3 cm were sampled from the first leaf of 12-day-old seedlings. Frozen leaf tissue was grinded with a Mixer Mill MM 400 (Retsch, Haan, Germany) for 60 sec at 13,000 rpm. Grinded leaf tissue was suspended in 500 µl extraction buffer (1 M guanidine thiocyanate, 2 M sodium chloride, 30 mM NaAc, pH 6.0, 0.2 % Tween 20) and incubated at 65 °C for 30 min. The lysate was centrifuged for 10 min at 2,500 rpm and 300 µl of the supernatant was transferred onto DNA spin columns (Epoch Life Science, Inc, Texas, US).
The columns were centrifuged at 13,000 rpm for 1 min to bind the DNA, washed twice with 600 µl and 250 µl wash buffer (50 mM sodium chloride, 10 mM Tris/HCl, pH 8.0, 1 mM EDTA in 70% ethanol) and centrifuged again at 13,000 rpm for 1 min after each wash step. The DNA was eluted from the silica columns with 100 µl TE buffer (10 mM Tris/HCl, pH 8.0, 1 mM EDTA) into new tubes.
Genotyping by sequencing
DNA samples were genotyped with genotyping-by-sequencing (GBS) using PstI as restriction enzyme by the Institute of Biotechnology, Cornell University, NY, USA. The samples were sequenced on six lanes of a HiSeq 2000 and six lanes of a NextSeq 500 yielding 1,915,955,758 reads in total.
SNP calling
Reads were mapped against the reference genome of Chinese Spring (IWGSC RefSeq v1.0) (International Wheat Genome Sequencing Consortium, 2018) with bwa v0.7.15 (Li & Durbin, 2009 ) and SNPs were called using the TASSEL v5.2.31 GBS pipeline (Glaubitz et al., 2014) using a kmer length of 64bp. SNPs were filtered using vcftools v0.1.14 (Danecek et al., 2011) based on the following criteria : (1) variant should be a biallelic SNPs, (2) SNPs with more than 20% missing data were discarded, (3) genotypes having more than 20% missing information were discarded and (4) SNPs with MAF ≥ 0.05 were retained (Eltaher et al., 2018) . Our final set of SNPs consisted of 23,554 SNPs represented in 339 accessions.
Principal Component Analysis
Principal Component Analyses (PCA) were performed with a homemade script in Python v2.7.12 using the libraries scipy v0.19.1, NumPy v1.13.3 (van der Walt, Colbert, & Varoquaux, 2011) , sklearn v0.17.1 (Pedregosa et al., 2011 ) , pandas v0.20.3 (McKinney, 2010 , matplotlib v2.1.0 (Hunter, 2007) and ipython v6.1 (Perez & Granger, 2007) .
SNPhylo
We generated a maximum likelihood (ML) tree using the SNPhylo software package (Lee, Guo, Wang, Kim, & Paterson, 2014) with the 22,999 anchored SNPs. Low quality SNPs based on allele frequency (MAF ≤ 0.05), missing data (≥ 20%) and linkage disequilibrium (LD ≤ 1) were removed using the SNPRelate package (Zheng et al., 2012) . Multiple sequence alignment of the concatenated SNPs for each sample was done using MUSCLE (Edgar, 2004 ) and a phylogenetic tree was constructed by running DNAML from the PHYLIP package (Felsenstein, 2005) . One hundred bootstraps using the phangorn package (Schliep, 2011) were done and the tree was visualized and annotated with FigTree v1.4.3 program.
Genetic clustering analysis
In order to estimate genetic clustering among the accessions, a structure analysis was performed with the ADMIXTURE software (Alexander, Novembre, & Lange, 2009 ). This type of analysis infers the population structure for a number of ancestral populations (K), as defined by allele frequencies at all studied loci, and simultaneously assigning ancestry proportions (or probabilities) to each individual in the study. We used the dataset of 22,999 SNPs from the 339 accessions. Data management and quality control operations were performed using vcftools v0.1.14 (Danecek et al., 2011) and PLINK v1.9 (Purcell et al., 2007) . We explored K values from 2 to 10 and determined the lowest cross-validated error rate.
Demographic inference
Demographic models were fitted to folded 2D site frequency spectra with fastSimcoal2 (version 2.6.0.3) (Excoffier, Dupanloup, Huerta-Sanchez, Sousa, & Foll, 2013) . Accessions displaying discrepancies between their indicated geographic origin and the PCA cluster were removed. Only SNPs on the D subgenome were considered because of the suspected polyphyletic origin of the A and B subgenomes. We used biallelic SNPs filtered for missing data, as described above, but only removed singletons instead of sites with a MAF < 0.05. Since fastSimcoal assumes sites to be neutral and unlinked, we removed genic SNPs and only retained SNPs at least 20 kb apart from each other, leaving a total of 2,644 SNPs distributed among 209 spelt accessions from Asia, Central Europe, and Iberia.
Folded two-dimensional site frequency spectra were estimated with dadi (Gutenkunst, Hernandez, Williamson, & Bustamante, 2009 ). The numbers of alleles were projected down from 36 to 24, from 324 to 254, and from 58 to 42 for the Asian, the Central European, and Iberian spelt respectively, so as to maximize the number of segregating sites used to construct the SFS. A mutation rate of 1.3x10 -8 (Ma & Bennetzen, 2004) was assumed. Further model specifications and parameter search ranges can be found in Supporting Information Table S2 and Online Resource 1.
For each of the six models, 20 independent runs with 50 ECM cycles and 100,000 simulations per estimation step were performed. Confidence intervals were obtained with a parametric bootstrap approach in which 100 data sets were simulated with the parameter values of the best model, and parameter values then inferred from the simulated data.
Results
Most of the European spelt accessions analyzed in this study were collected by expeditions during the 1930s. While European spelt was well documented at the beginning of the 20 th century, the existence of spelt in Asia was only discovered in the late 1950s (Kuckuck & Schiemann, 1957; Luo, Yang, & Dvorak, 2000) . Interestingly, many spelt accessions collected from the Iberian Peninsula were morphologically more similar to Asian spelt than to Central European accessions ( Figure 1 ). For example, spikes of many Spanish and Asian spelt accession carry awns (needlelike structures formed at the end of the floret) (Caballero, Martin, & Alvarez, 2007) , while Central European spelt is generally awnless (Figure 1a ). Also, the spikelet disarticulation, which refers to the breakpoint of the rachis in relation to the spikelet, differed between spelt from the Iberian Peninsula and Central Europe (Figure 1b ). Awn formation and spikelet disarticulation in wheat is controlled by only a few loci (Katkout et al., 2014; Yoshioka et al., 2017) . The apparent morphological difference between Central European spelt and Iberian spelt does thus not necessarily reflect profound genomic variation. We therefore used GBS to assess the genetic variation of 267 spelt accessions. For a comparison, we also included 75 bread wheat accessions, most of them representing landraces from Europe (Supporting Information Table S1 ). In total, the GBS returned 255,396 SNPs that were anchored to the reference sequence of the bread wheat landrace Chinese Spring (International Wheat Genome Sequencing Consortium, 2018). Filtering for bi-allelic SNPs, missing data of ≤20%, and minor allele frequency (MAF) ≥5% resulted in the final set of 22,999 high-quality SNPs with known chromosome location, 8,878, 10,528, and 3,593 for the A, B, and D subgenomes, respectively (Table 1) . Three spelt accessions were removed during the filtering because they had too many missing SNPs. The SNP markers were distributed across the entire genome, but were preferably located in gene-rich, telomeric regions (Supporting Information Figure S1 ). Of the 22,999 SNPs, 2,434 were located in coding sequences and 20,565 in intergenic regions or introns. European spelt, possibly indicating that they were brought into Africa from Europe. Twenty-three spelt (8.7%) and one bread wheat (1,3%) accession showed discrepancies between their indicated geographic origin and the PCA cluster (Supporting Information Table S1 ). The most likely reasons for this are erroneous passport information or mistakes during propagation of genebank material.
Whole genome analysis
Alternatively, this pattern might reflect interchange of germ plasm between different regions before collection. A maximum-likelihood tree confirmed the PCA result and clearly visualized the three different spelt gene pools (Figure 2b) . Inference of the population structure was done using the ADMIXTURE software assuming various ancestral populations K, ranging from 2 to 10. The split into the three main gene pools revealed by PCA and phylogenetic analyses was apparent at K=3 ( Figure 2c ). The minimal cross-validation error value was obtained at K=7 (CV = 0.57030; Supporting Information Figure S2 ), which indicates the most probable number of ancestral populations. Even with increasing K, the Iberian spelt remained a unique, homogenous cluster that did not split further. Compared to K=3, the Central European spelt accessions were further divided into four different groups at K=7, reflecting spring spelt, northern and southern accessions from Germany, and Switzerland. At K=6, a split of Asian spelt into western (Azerbaijan and Iran) and eastern accessions (Iran, Afghanistan and Tajikistan) became apparent. Despite the clear morphological differences in terms of spike shape, threshability and seed shattering between Asian spelt and bread wheat, the molecular analyses do not necessarily justify a separation into two subspecies.
Subgenome analysis
The same analyses as described above were performed individually for each of the three subgenomes, with 8,878 A, 10,528 B and 3,593 D subgenome SNPs, respectively (Figure 3) . PCA, phylogenetic tree, and ADMIXTURE analyses of the A and B subgenomes revealed a picture very similar to the whole-genome analysis (Figure 3a,b ; Supporting Information Figure   S3 ) with a clear separation into a Central European, Asian, and Iberian gene pool. The situation was slightly different for the D subgenome (Figure 3c,d) . While a separation into Central European, Iberian, and Asian spelt was still observed in the PCA, the distribution of the genotypes was more compressed. The total variation explained by the two first principal components (10.73%) was lower for the D subgenome compared to the A (19.29%) and B (19.57%) subgenomes, respectively. Similarly, the distances between the three clusters in the D subgenome maximum-likelihood tree were shorter compared to the A and B subgenomes, indicating a lower number of substitutions per site (Figure 3d ; Supporting Information Figure S3 ). These results indicate that the A and B subgenomes show a higher degree of divergence between the three spelt gene pools than the D subgenome, which is also supported by the lower number of D subgenome SNPs obtained from GBS (Table 1) . We confirmed that the differences observed in the D subgenome analyses are not a consequence of the lower marker number per se. For this, we randomly sub-sampled around 3,500 A and B subgenome-specific SNPs and repeated the PCA (Supporting Information Figure S4 ). The total variation explained by these sub-samples was similar to the PCAs constructed with all the A and B subgenome markers. Also, we are not aware of any genomic variation in the D subgenome compared to the A and B subgenomes (TE content, gene number) that could explain the reduced diversity as a result of a technical artifact. The ADMIXTURE analysis at K=7 revealed a similar picture for all three subgenomes (Figure 3e ). In conclusion, the analysis of individual subgenomes revealed a similar picture as for the wholegenome analysis. The D subgenome, however, is less diverse than the A and B subgenomes.
Demographic modeling
Considering its geographical proximity, Iberian spelt shows a striking morphological ( Figure 1) and genetic ( Figure 2 ) discontinuity with Central European spelt. As a first step towards understanding the origin of Iberian spelt and possible reasons for its peculiar genetic makeup, we compared three evolutionary scenarios with fastsimcoal2, a coalescent simulation tool which allows fitting demographic models to SNP site frequency spectra (Excoffier et al., 2013) . In particular, we tested the hypothesis that Iberian spelt was not derived from Central European spelt, but rather brought westwards through a separate migration route.
According to a simple westward migration model (westMig, Figure 4 axis and its morphological similarity to the Asian spelt. In all these models, the ancestral population was either assumed to be the Asian population or an unsampled ghost population, resulting in a total of six models (Figure 4) . We fitted the models to two-dimensional SFS estimated from 2,644 non-genic SNPs at least 20 kb apart from each other. Only SNPs in the D subgenome were considered because of the possible polyphyletic origin of the A and B subgenomes.
All models agree that Iberian spelt has experienced a stronger bottleneck and has an effective population size which is about half the size of Central European spelt (Supporting Information   Table S2 ). Divergence times of Iberian and Central European spelt from their respective ancestral populations were estimated 1,218 (CI=1,018-1,280) and 1,023 (CI=1,014-1,072) generations ago, respectively. Together with the estimates of effective population size, these split times imply a strong population expansion in the recent past: a 3,665-fold increase compared to the bottlenecked population in the Iberian and a 5,455-fold increase in the Central European population, which is in accordance with recent expansion of agriculture in Europe.
The independent westward migration model consistently attained the best fit to the data: it achieved the highest likelihoods and the lowest AIC values with both ancestral population structures (Figure 4 ; Supporting Information Table S3 ), thus supporting the hypothesis that Iberian and Central European spelt have separate migration histories. The second best model was westMig, while the model including recent gene flow from Asian to Iberian spelt (westMigAdmix) performed worst (Supporting Information Table S3 ). Furthermore, assuming an ancestral ghost population increased the model fit by a large margin, so that the worst ghost population model outperformed the models in which the Asian population was assumed to be ancestral (Supporting Information Table S3 ). This suggests that European D subgenomes are not straightforward descendants of the Asian spelt accessions sampled in this study, but derived from a spelt population that has not been sampled or that may no longer exist.
In summary, the demographic modeling provides a possible explanation for the striking morphological and genetic differences of Iberian and Central European spelt, as they might be the result of two independent migration events.
Discussion
Here, we provide a comprehensive population genomic assessment of spelt diversity. Our analyses contribute to the discussions about the definition and origin(s) of spelt.
What is spelt?
The separation of hexaploid wheat into aestivum and spelta has mostly been based on morphological spike characteristics. While spelt shows a narrow, elongated spike with brittle rachis and tenacious glumes, bread wheat has a more compact, square spike phenotype with a nonbrittle rachis and free-threshing grains. It has been shown that the spike morphology in wheat is controlled by a relatively low number of loci. For example, the Q locus located on wheat chromosome arm 5AL represents a major determinant of spike morphology. Q codes for an AP2 family transcription factor that pleiotropically influences rachis fragility, glume shape and tenacity, and spike length (Simons et al., 2006) . The recessive q allele is found in European spelt and confers the typical spelt-like spike. In contrast, the dominant Q allele of bread wheat shows higher transcript levels, resulting in more compact spikes with free-threshing seeds. The Q allele differs from q by one non-synonymous polymorphism in the open reading frame and five conserved polymorphisms in the promoter region (Simons et al., 2006) . Interestingly, certain spelt accessions from Asia have been reported to carry the Q allele otherwise found in bread wheat (Luo et al., 2000) , which led to the hypothesis that Q has a regulatory function and that the expression level of Q, and hence control of the spike morphology, depends on the genetic background. Another genetic determinant of spike characteristics in cereals is the locus containing the two tightly linked genes Non-brittle rachis 1 (btr1) and Non-brittle rachis 2 (btr2) identified on chromosomes 3 of barley and diploid einkorn (Pourkheirandish et al., 2018; Pourkheirandish et al., 2015) . The two genes code for short proteins with no domain homology, and mutations in either of the two genes converts a brittle rachis into a non-brittle one, which is associated with cell wall thickness in the spikelet disarticulation zone. The homoeologous group 2 chromosomes of wheat carry the yet uncloned tenacious glumes (Tg) genes that control glume tenacity (Dvorak et al., 2012; Faris, Zhang, & Chao, 2014) . Furthermore, 15 QTLs for domestication-related spike morphology were characterized in a bi-parental cross between a synthetic hexaploid wheat (durum wheat x Ae. tauschii) and the free-threshing bread wheat landrace Chinese Spring (Katkout et al., 2014) .
Taking all these reports together, it can be concluded that the domestication-related spike characteristics in wheat are controlled by approximately 20 loci.
A taxonomic separation into subspecies can be done based on morphological or genetic differences. Often, the two correlate. In cultivated Asian rice (Oryza sativa) for example, several subspecies or varietal groups are distinguished based on morphology and geographical distribution. The two major types are indica and japonica rice, of which the former has elongated kernels and results in fluffy rice when cooked, while the latter has roundish kernels resulting in sticky rice. Phylogenomic analyses based on whole-genome sequencing showed that the two subspecies also represent two clearly distinct clades (W. S. Wang et al., 2018; Wing, Purugganan, & Zhang, 2018) . Similarly, separation of barley landraces into six-rowed and two-rowed, the major morphological determinant of barley spike morphology, was reflected in a clear separation into two gene pools based on exome sequencing (Russell et al., 2016) . The situation for spelt though is different. Our whole-genome marker analysis did not result in a separation of a common spelt from the bread wheat gene pool. Asian spelt was indistinguishable from bread wheat based on our molecular analysis, while Central European and Iberian spelt formed two clearly distinct groups.
Hence, while a separation into ssp. spelta and ssp. aestivum might be justified based on morphological characteristics, our molecular analysis does not support this. Instead, we propose to split the hexaploid wheat gene pool into three groups, (i) bread wheat/Asian spelt, (ii) Central European spelt, and (iii) Iberian spelt.
Where does spelt come from?
Hexaploid wheat evolved in the Fertile Crescent during the Neolithic Revolution. It is thus very likely that Asian spelt represents the most ancient of the three spelt gene pools. The fact that Asian spelt was genetically indistinguishable from bread wheat confirms previous reports of a common, monophyletic origin of Asian spelt and bread wheat. There has been a long-lasting debate whether hulled Asian spelt is ancestral to free-threshing bread wheat or vice versa. Crossing experiments showed that the hybridization of free-threshing T. turgidum with Ae. tauschii resulted in synthetic hexaploid wheat with spelt-like spike characteristics (McFadden & Sears, 1946) . McFadden and Sears therefore concluded that hulled spelt-like hexaploid wheat is ancestral to free-threshing bread wheat. These findings are contradicted by archaeological records suggesting that freethreshing hexaploid wheat predates the hulled form (Nesbitt & Samuel, 1996) . However, it can be difficult to distinguish archaeological remains of hulled hexaploid wheat from other hulled species such as tetraploid emmer or diploid Aegilops. Given the narrow time window between the first archaeological reports of hulled and free-threshing hexaploid wheat, the question of ancestry will be very difficult to resolve. In contrast to Asian spelt, spelt accessions from Europe markedly differed from Asian spelt/bread wheat. Various reports suggested that Central European spelt emerged from a hybridization of a free-threshing hexaploid wheat with a hulled tetraploid emmer (Blatter et al., 2002 (Blatter et al., , 2004 Dvorak et al., 2012; Liu & Tsunewaki, 1991) , a hypothesis that is supported by experimental crosses (Mac Key, 1966) . A DNA sequence from a 8,200 year-old charred wheat grain excavated at the Çatalhöyük archaeological settlement in Central Turkey revealed a high similarity to modern Central European spelt (Bilgic, Hakki, Pandey, Khan, & Akkaya, 2016) . This might indicate that a Central European-like spelt was already present around 6,200 BC at a site that lies along the migration route from the Fertile Crescent to Europe. It would also indicate that the hybridization that gave rise to Central European spelt occurred somewhere between the Fertile Crescent and Central Turkey, and not in Central Europe as it was often suggested.
If European spelt originated from a hybridization between hexaploid wheat and tetraploid emmer, we would expect that the Asian spelt/bread wheat gene pool differed from Central European spelt in the A and B subgenomes but not in the D subgenome. Surprisingly, our D subgenome analyses revealed a separation of the three individual gene pools, although with a lower genetic diversity than the A and B subgenomes. There are two possible explanations for this: (i) European spelt and bread wheat have a polyphyletic origin that involved independent hybridization of a tetraploid wheat with two Ae. tauschii accessions, or (ii) European spelt and bread wheat have a monophyletic origin but genetic bottlenecks and gene flow resulted in a differentiation of the D subgenomes. Given the high degree of similarity between the D subgenomes of bread wheat and European spelt, which is reflected by the lower number of total SNPs and the shorter distances in the phylogenetic tree, a polyphyletic origin would have involved two very closely related Ae. tauschii accessions. It is thus more likely that genetic bottlenecks and gene flow explain the pattern observed in Figure 3 . Although spontaneous hybridizations between wheats of different ploidy might occur quite frequently in nature, the generation of viable offspring represent sparse events (Kenan-Eichler et al., 2011) . It is thus likely that a very limited number of hybridization events gave rise to Central European spelt. In addition, the effective population size of Central European spelt that found its way into Europe after these hybridizations might have been very small. Gene flow after the separation of Central European spelt and bread wheat could further have expedited a separation of the D subgenomes. Recurrent gene flow from Ae. tauschii into hexaploid wheat for example has been demonstrated (J. R. Wang et al., 2013) . A very interesting observation is that spelt accessions from the Iberian Peninsula formed a clearly distinct cluster, which raises the question about the origin of Iberian spelt. One possible scenario is that Central European spelt was also introduced into the Iberian Peninsula, where yet another hybridization with a tetraploid emmer resulted in Iberian spelt. Our demographic model comparison, however, suggested that Iberian spelt was introduced into Europe independently from Central European spelt.
Interestingly, a recent population genomics analysis found a genetic difference between ancient farmers from Iberia and Central Europe (Valdiosera et al., 2018) , which proposed two independent migrations by Neolithic farmers with slightly different gene pools. The first migration route followed the Danube River into Central Europe and the second route went along the Mediterranean coast into the Iberian Peninsula. It is conceivable that these two ancient human populations also brought along and cultivated cereals of slightly different origin. Interestingly, a difference between Iberian and Eastern European germplasm was also observed for rye, another cereal crop that has its origin in the Fertile Crescent (Parat et al., 2016; Schreiber, Himmelbach, Borner, & Mascher, 2018) . Parat et al. (2016) explained this difference with different usage of rye (forage vs. human consumption). Spelt, however, is exclusively used for human consumption both in Iberia and Central Europe. It could thus be that the different end use of rye is a consequence of independently introduced gene pools, and not vice versa. The distinct Iberian spelt gene pool could also be the result of recurrent introductions of spelt at a later point in time, for example during the Umayyad conquest of the Iberian Peninsula between 711 and 788 AD. However, in such a scenario we would have expected to detect admixture between the newly introduced spelt accessions (probably originating in Asia) and the more ancient, Central European-like accessions, which was not supported by our demographic modelling. Supplementary Information  Table S2 .
